. Electrical resistance decreased at the node during the depolarization, showing that a passive diffusion potential was responsible. I suggest that the change in the trans-nodal hydraulic pressure difference mechanically stretches the plasma membrane, and this induces the electrical depolarization.
Introduction
Characean cells have been widely used to characterize various functions of the plant membrane, such as ion transport, electrogenesis, excitability, water relations and osmoregulation (Shimmen et al. 1994, Tazawa and . These cells have many advantages for electrophysiological research and I have recently begun to study the mechanism of mechanosensing by internodal cells (Shimmen 1996 , Shimmen 1997a , Shimmen 1997b , Shimmen 1997c , Shepherd et al. 2001 . The internodal cells are large and cylindrical, up to 10 cm in length and 1 mm in diameter, and so it is easy to apply mechanical stimuli to a target cell. The decrease in the membrane resistance during generation of the receptor potential in plants was first demonstrated using Chara (Shimmen 1997b ). Activation of Cl -channels upon mechanical stimulation was also unequivocally demonstrated (Shimmen 1997b) .
The large size and linear morphology of Characean cells also made it possible to study the electrical perception of a "death message". In these studies, the specimen was composed of two internodes in tandem. When one internode was killed by cutting (the victim cell), its neighbor (the receptor cell) generated four different types of depolarization: (1) a rapid component, (2) a slow, and long-lasting component, (3) an action potential, and (4) a small spike (Shimmen 2001a , Shimmen 2002 . I found that both the rapid and slow components were ubiquitous responses, and that they were generated at the nodal region of the receptor cell. I also found that Cl -channels were activated at the nodal region of the receptor cell upon death of the victim cell (Shimmen 2002) .
It seemed possible that the depolarization of the receptor cell might be induced by the sudden loss of turgor pressure in the neighboring, killed cell. To examine this possibility, the turgor pressure of the victim cell was suddenly decreased by adding sorbitol to the external medium of the victim cell. This caused a slow and transient depolarization, lasting for about 1-2 min. However, the slow depolarization induced by killing the victim cell was much more prolonged. In the present study, I analyzed the changes in the electrical potential difference of internodal cells, when the turgor pressure of the neighboring internodes was decreased. I found that the change in electric potential was generated at the nodal region interposed between internodes. This was also the case when the turgor pressure of a single internode was reduced by exposure to sorbitol solution. Systematic analyses of the data confirmed that the response was generated at the nodal region.
Results

Analyses of specimens consisting of two internodes in tandem
A specimen consisting of two internodes in tandem was mounted in a double chamber composed of pools A and B (Fig. 1, upper panel) . One internode (cell a) was separated into two pools, A and B, by a partition, P (1 mm). Part of cell a was sealed into the groove of P with white Vaseline. The length of the portion of cell a in pool B (L B ) was about 2 mm. Pools A and B were filled with artificial pond water (APW) buffered with 5 mM HEPES-Tris (pH 7.0). From now on, the buffered APW (pH 7) used as the external medium in electrical measurements will be referred as APW. The potential difference between the two pools (E AB = E A -E B ), was measured with agar electrodes (E A , E B ) which were connected to a Ag-AgCl wire via a 3 M KCl solution. A depolarization of the membrane potential, at B, shifts E AB in a positive direction.
At the time shown (arrowhead), the medium in pool B was replaced with APW, supplemented with 200 mM sorbitol (APW 200 : Fig. 1, lower panel) . After a short delay (a few seconds), E AB transiently shifted in a positive direction, indicating that a transient depolarization had occurred at the membrane in pool B. When cell b was cut with scissors (double arrowheads), E AB shifted rapidly in a positive direction and an action potential was induced at the time shown (arrow). I previously showed that rapid and long lasting depolarizations are generated at the nodal end, whilst action potentials are generated at the flank, of the receptor cells (Shimmen 2002) . After the action potential, E AB remained positive, indicating that the membrane in pool B remained depolarized (Shimmen 2002) . The positive shift of E AB upon addition of sorbitol to pool B was observed in all 32 specimens examined (Fig. 1, lower  panel) . This depolarization was occasionally accompanied by an action potential (data not shown).
In the above experiments, specimens were mounted in such a manner that a younger (apical) internode was located in the pool B. The same results were obtained when a specimen was mounted with the older (basal) internode located in the pool B (data not shown).
Further experiments were carried out using a chamber having three pools, A, B and C (Fig. 2, upper panel) . A specimen consisting of two internodes in tandem was mounted in the chamber so that the nodal complex between two internodes was located in the central pool, B. Both internodes were sealed A specimen of C. corallina was mounted so that cell a (internode) was partitioned into pools A and B. Both pools were filled with APW. The potential difference between pools A and B was measured with electrodes (E A , E B ). The length of the partition between the two pools (P) was 10 mm. The length of the portion of cell a in pool B (L B ) was about 2 mm. A layer of very thin nodal cells was intercalated between two internodes. (Lower panel) An example of a recording. At the time shown with a single arrowhead, the solution in the pool B was replaced with APW 200 . At the time shown with double arrowheads, cell b was cut and a depolarization was induced, and then an action potential was induced (arrow) in cell a. For further explanation, see the text.
Fig. 2
Studies on the specimens consisting of two internodes in tandem mounted in a triple-pooled chamber. (Upper panel) Chamber for measurement. A specimen of C. corallina was mounted so that the node between two internodes was located in pool B. All pools were filled with APW. The potential difference between pools A and B was measured with electrodes (E A , E B ). The length of the partition between pools (P) was 10 mm. The length of pool B was 3 mm. (Lower panel) An example of a recording. At the time shown with a single arrowhead, the medium in pool C was replaced with APW 200 . At the time shown with an arrow, an action potential was generated at the cell part in pool B, and it was transmitted to the cell part in pool A. After cessation of the action potentials, E AB returned to a positive value (asterisk), indicating that the sorbitol-induced depolarization continued during an action potential. At the time shown with double arrowheads, cell b was cut in pool C. For further explanation, see the text. in the groove of the partition (P) with white Vaseline. The length of pool B was 3 mm. All pools were filled with APW. The potential difference between pools A and B (E AB ) was measured with electrodes, E A and E B . A typical recording is shown in Fig. 2 (lower panel) .
When the APW in pool C was replaced with APW 200 (single arrowhead), E AB shifted in a positive direction after a short delay (a few seconds). An action potential was generated at the time shown (arrow). After a bipolar potential change, E AB shifted in a positive direction (asterisk in Fig. 2, lower panel) and subsequently repolarized. This shows that the sorbitolinduced depolarization continued during action potentials. When cell b was cut in pool C (double arrowheads), a depolarization, accompanied by action potentials, was induced at pool B.
The effect of salts on the sorbitol-induced response was studied using the same setup as above. A specimen was mounted as shown in Fig. 2 (upper panel) . The three pools were filled with APW supplemented with either 1 mM KCl or 1 mM CaCl 2 . After 20 min, the medium in pool C was replaced with the same medium, but containing 200 mM sorbitol. When an action potential was generated during the sorbitol-induced response (Fig. 2, lower panel) , the peak value after its cessation (asterisk) was recorded for quantitative analysis. This value is an underestimate of the full amplitude of the response which occurs at the peak of the action potential. The results are summarized in Table 1 . The addition of 1 mM KCl resulted in a significant increase in the amplitude of the sorbitol-induced response (Exp. 2). Conversely, the response was decreased in the presence of 1 mM CaCl 2 (Exp. 3).
Studies on single internodes
An internode was tightly ligated with polyester thread at a site adjacent to the basal node, and the basal node complex was then cut off. Internodal cells having a native apical node at the one end and a ligation at the other were thus prepared. The cells were 40-50 mm long unless otherwise stated. A cell was mounted in the double chamber, with the nodal end in pool B (L B : about 2 mm) and the ligated end in pool A (Fig. 3, upper  panel) . Both pools were filled with APW. Two typical recordings are shown (Fig. 3, lower panel) . When the APW in pool B was replaced with APW 200 (arrowhead), E AB changed transiently in a positive direction after a short delay (left trace). This response was observed in all 45 specimens examined. The Table 1 Effects of salts on amplitude of sorbitol-induced depolarization in Chara specimens consisting of two internodal cells
The specimen was mounted in chamber as shown in Fig. 2 and was stimulated by adding 200 mM sorbitol to pool C. n, number of cells examined.
Experiment
Salts added Amplitude (mV) Mean SE n 1 APW 82 13 5 2 1 mM KCl 122 2 5 3 1m M C a C l 2 52 8 5 Table 2 Change of amplitude of sorbitol-induced depolarization generated at nodal region after preparation in Chara specimens consisting of a single internodal cell with a node at one end
The specimen was mounted in chamber as shown in Fig. 3 and was stimulated by adding 200 mM sorbitol to pool B. n, number of specimens examined. The amplitude changes of the sorbitol-induced response were monitored for 30 d (Table 2) . Internodes having an apical node at one end and a ligation at the other were kept in unbuffered APW. One of the internodes was placed as shown in Fig. 3 (upper panel). When an action potential was generated during the sorbitol-induced response (Fig. 3 , right trace), the peak value after cessation of the action potential (asterisk) was included in the analysis. When the measurement was carried out 1 d after preparation, the sorbitol-induced response was observed in only three out of five specimens, resulting in a smaller average amplitude (Table 2, 1 d). When internodes were kept in APW for more than 2 d after preparation, the response was observed in all specimens, and the amplitude ranged between 51 and 100 mV (Table 2) . Thus, single internodes kept in unbuffered APW for 2-10 d after preparation were used in the following experiments.
Whether the sorbitol-induced response also occurs in the basal node was then determined. Internodes were ligated close to the apical node and the nodal complex was cut off, resulting in a specimen having a basal node and a ligated end. One of the internodes, pre-incubated in unbuffered APW for a couple of days, was mounted in the double chamber, as shown in Fig. 3 (upper panel). When APW in pool B was replaced with APW 200 , the same response as that shown Fig. 3 occurred with an amplitude of 74±8 mV (n = 8).
In the above experiments, sorbitol was added to pool B. However, addition of sorbitol to pool A induced the same response. An internode was mounted with the apical node in pool B, and the ligated end in pool A (Fig. 3, upper panel) . The length of the cell part in pool B (L B ) was about 2 mm. When the APW of pool A was replaced with APW 200 , the same response as that shown in Fig. 3 (lower panel) was generated, with an amplitude of 87±12 mV (n = 8). The sorbitol-induced response was occasionally accompanied by an action potential.
Studies with an intracellular microelectrode
A single internode, with a native apical node at one end and a ligation at the other, was mounted as shown in Fig. 3 (upper panel). Both pools, A and B, were filled with APW. A microelectrode was inserted into the cell region located in pool A, and the extracellular electrode was located in pool B. The cell was stimulated by replacing the medium in pool B with APW 200 . The response due to sorbitol stimulation was not observed in some specimens, and in others the amplitude of the response was much smaller than that observed by the extracellular electrode method. In the following experiments using an inserted microelectrode, both pools were filled with APW supplemented with 1 mM KCl and 1 mM CaCl 2 . The number of specimens generating the response increased. Addition of KCl to the external medium increased the amplitude of the response in the presence of these salts. This will be dealt with later. When the solution in pool B (APW supplemented with 1 mM KCl and 1 mM CaCl 2 ) was replaced with APW 200 (supplemented with 1 mM KCl and 1 mM CaCl 2 ), a large response in a positive direction was induced (Fig. 4) . This indicates that the membrane depolarization was induced in the region of the cell with the node located in pool B. However, some specimens did not respond, even in the presence of 1 mM KCl, despite a stable resting membrane potential (more negative than -200 mV) having been obtained before sorbitol stimulation (data not shown). Thus, the microelectrode method was not suitable for quantitative analysis. Nonetheless, this method unequivocally demonstrated that the depolarization was generated at the nodal region. The following experiments were carried out using the extracellular electrode method.
Sucrose-induced response
In these experiments, it was determined whether or not the depolarization could be induced by a different osmoticum, sucrose. An internodal cell with an apical node and ligated end was mounted as shown in Fig. 3 (upper panel) . When APW in pool B was replaced with APW supplemented with 200 mM sucrose instead of sorbitol, the response was very similar to that shown in Fig. 3 , with an amplitude of 85±5 mV (n = 7).
Change in the electrical resistance
The change in the transcellular electrical resistance during sorbitol-induced depolarization was studied. An internodal cell with apical node and ligated end was mounted as shown in Fig. 3 (upper panel) . Trains of constant 200 nA electric current pulses were applied between pools A and B through the AgAgCl wire. The electrical resistance decreased significantly during the sorbitol-induced depolarization. In the experiment shown in Fig. 5 , the electrical resistance decreased to 59% of its value before stimulation (average, 53±5% (n = 6)).
Effects of salts
The effect of salts on the sorbitol-induced depolarization was studied in single internodal cells with an apical node at one end and a ligation at the other. The setup was the same as that shown in Fig. 3 (upper panel) . Both pools were filled with APW supplemented with salt(s). About 20 min later, the medium in pool B was replaced with the same salt solution supplemented with 200 mM sorbitol. As seen in Table 3 , 1 mM KCl increased the amplitude of the response (Exp. 2). In the presence of 5 mM KCl, the membrane potential was very unstable, and quantitative experiments were difficult to perform (data not shown). Addition of 1 mM CaCl 2 decreased the amplitude (Exp. 3). Addition of either 5 mM CaCl 2 or 5 mM MgCl 2 significantly decreased the amplitude (Exp. 4, 5). However, the amplitude significantly increased in the presence of both 5 mM KCl and 5 mM CaCl 2 (Exp. 6).
The effects of other salts were also examined ( Table 4 ). The amplitude of the depolarization measured in the experiment shown in Table 4 was smaller than that shown in Table 3 , due to the use of a different cell culture batch. Addition of 0.5 mM K 2 SO 4 significantly increased the amplitude (Exp. 2). However, 1 mM choline chloride and 1 mM NaCl did not have significant effects (Exp. 3, 4) .
Response at the region adjacent to the ligation
An internodal cell with an apical node and ligated end was mounted in the double chamber with the ligated end in pool B and the apical node in pool A (Fig. 6, upper panel) . The length of the cell portion in pool B was about 2 mm. When APW in pool B was replaced with APW 200 , E AB changed in a negative direction, and this level was maintained for a much longer period of time (Fig. 6, lower panel) . The average amplitude of the response was 10±2 mV (n = 14).
Internodes lacking both nodes were prepared by ligating both ends of a cell and cutting off the nodes. The specimens were kept in unbuffered APW for more than 2 d. An internodal segment was mounted in a double chamber as shown in Fig. 6 (upper panel). When the medium in pool B was replaced with APW 200 , the same response as that shown in Fig. 6 (lower panel) was induced, with an average amplitude of 10±1 mV (n = 9).
Application of sorbitol to both pools
An internodal cell with an apical node and a ligated end (40-50 mm long) was mounted in the chamber as shown in Fig.  3 (upper panel) and both pools were filled with APW. The length of the cell part in pool B (L B ) was about 2 mm. After 20 min, the solution in both pools was replaced with APW, supplemented with either 50 or 200 mM sorbitol. Although depolarization was observed with both 50 mM and 200 mM sorbitol, the magnitude of the depolarizations differed, being 81 mV on average in 200 mM sorbitol (Table 5 Exp. 1), and only 29 mV in 50 mM sorbitol (Table 5 Exp. 2).
In Exp. 3, longer internodes (60-80 mm long) having an apical node and a ligated end were used. Cells were mounted in the same chamber as shown in Fig. 3 (upper panel) , but L B was 20 mm. Depolarization was induced when the medium in both pools was replaced with APW 200 , but the amplitude (28 mV) was much smaller than that measured in Exp. 1 (L B = 2 mm). Table 3 Effects of salts on amplitude of sorbitol-induced depolarization generated at nodal region in Chara specimens consisting of a single internodal cell
The specimen was mounted in chamber as shown in Fig. 3 Table 4 Effect of salts on amplitude of sorbitol-induced depolarization generated at nodal region in Chara specimens consisting of a single internodal cell
The specimen was mounted in chamber as shown in Fig. 3 The response of E m to changes in the KCl concentration ([KCl]) of the external medium was studied. Internodal cells with an apical node and a ligated end were used. A specimen was mounted so that either the apical node (Fig. 3 upper panel) , or the ligated end ( Fig. 6 upper panel) , was located in pool B. L B was about 2 mm in both cases. Pools A and B were filled with 100 mM KCl, and APW supplemented with 180 mM sorbitol (isotonic to 100 mM KCl), respectively, and E AB was measured. The membrane potential (E m ) in the presence of 100 mM KCl in the external medium is close to 0 mV (Shimmen 2001b) , and so E AB measured between the two pools reflects the E m of the cell region in pool B (K-anaesthesia method, Shimmen et al. 1976 ). APW supplemented with KCl of various concentrations (1, 10 and 100 mM) was prepared. The osmolarity was made isotonic to 100 mM KCl by adding sorbitol. At first, the medium in pool B was APW supplemented with 180 mM sorbitol. The E m of the cell region in 100 mM KCl solution (pool A) sometimes remained polarized. In this case, the cell region in 100 mM KCl was depolarized by mechanical stimulation (Shimmen 2001b ). An E AB practically equal to the E m of the membrane in pool B was recorded after E AB reached a stable value. Then, E AB was recorded 3 min after exchanging the medium for APW supplemented with 1 mM KCl. Thus, [KCl] was increased stepwise every 3 min and E m was recorded at these steps. The result is shown in Fig. 7 . At [KCl] between 0.1 and 10 mM, the response of E m to the increase in [KCl] was similar in the ligated end and the end having an apical node. However, the responses were different in 100 mM [KCl] . Here, the E m of the cell part having a node depolarized quickly to ~0 mV within 3 min, in all specimens (closed circle). In contrast, the E m of the ligated region remained polarized for more than 3 min, in most specimens (four cells, open circle). In one cell, the E m of the ligated region remained polarized for about 150 s, but suddenly depolarized just before the E m value was recorded.
A similar result was obtained in another series of experiments where K 2 SO 4 was substituted for KCl (data not shown). This indicates that K + is the ion responsible for the responses described above.
Studies on Nitella flexilis
Sorbitol-induced depolarization was studied in internodal cells of N. flexilis. Both apical and basal nodes were removed by ligation and cutting. A couple of days later, specimens were mounted as shown in Fig. 8 (upper panel) . The external medium in pool A was replaced with APW 200 (Fig. 8, arrowhead) . Upon replacement of the medium, E AB changed in a positive direction and an action potential was generated in pool B (arrow). The action potential was not propagated to the cell region in pool A in N. flexilis, although such propagation was often observed in Chara (Fig. 3, lower right trace) . This might be due to differences in the electrical space constant between the thin Nitella cell and the thicker Chara cell. After the action potential, E AB remained depolarized for a longer period of time, and then gradually repolarized.
Discussion
Addition of sorbitol to pool B of the chamber shown in Fig. 1 induced a change of E AB in a positive direction, as reported previously (Shimmen 2001a ). The same response was Table 5 Analysis of depolarization generated at nodal region upon addition of sorbitol to both pools in Chara specimens composed of a single internodal cell
The specimen was mounted in chamber as shown in Fig. 3 also observed when a triple-pooled chamber was used (Fig. 2) . In this case, sorbitol was not in pool B but in pool C. It was suggested that a change in E AB reflects a change in the electrical potential at the nodal region. Single internodes having a native node at one end, and a ligation at the other, were used to test the possibility that the positive shift in E AB was generated at the nodal region. The cell region located in pool B was made shorter in order to detect the response at the nodal region (Fig.  3, upper panel) . The positive shift in E AB was induced only when the cell region with a native node was located in pool B (Fig. 3) . Conversely, E AB shifted in a negative direction when the ligated end of the cell was located in pool B (Fig. 6 ). This indicates very clearly that the depolarization upon addition of sorbitol to pool B was induced at the nodal region. This conclusion is also supported by the experiments using an inserted microelectrode (Fig. 4) . Similar results were obtained when a different kind of osmoticum (sucrose) was used, and this suggests that the response was induced by a change in hydrostatic pressure. Apparently, there was no apical-basal polarity in the perception of osmotic stimulation, because the same response was observed at both apical and basal nodes. A similar depolarization was also induced when sorbitol was added to pool A (Fig. 3) , indicating that the nodal region need not be in contact with sorbitol for the depolarization to occur.
It may be suggested that depolarization at the nodal end is caused by an osmotic gradient between cell ends, when sorbitol is added to either pool A or pool B (Fig. 3) . However, the same depolarization was evident even when sorbitol was added to both pools at once, and so the decrease in the cell turgor pressure is responsible for inducing the depolarization (Table 5) . When L B was increased to 20 mm, the amplitude of the depolarization significantly decreased (Table 5, Exp. 3), confirming that the depolarization was generated at the nodal region.
The amplitude of the depolarization was increased by K + but it was decreased by divalent cations. The responses of tandem internodes were very similar to those of single internodes (Table 1, 3) . The effects of cations on the amplitude of the depolarization is reminiscent of the effect of cations on the state of the Chara plasma membrane (Shimmen et al. 1976 ). Whilst divalent cations tended to polarize the membrane, K + brought about depolarization. The present study shows that K + sensitizes the nodal region to osmotic stimulation. Therefore, I examined the effect of [KCl] on the resting membrane potential (Fig. 7) .
At [KCl] less than 10 mM, the responses of the ligated and nodal ends of the cells were very similar. At 100 mM [KCl] , the E m of the cell part having a native node depolarized within 3 min. However, the E m of the ligated region of the cell remained polarized for at least 3 min in most specimens (Fig. 7) . Thus, the response of E m at the nodal region is more sensitive to K + than that at the flank of the internodal cell. The high sensitivity of E m at the nodal region to K + could be related to the increased sensitivity to osmotic stimulation that K + induces in the nodal region. I previously reported that E m was stable even in the presence of K + at high concentration (Shimmen 2001b ). In the experiments where the cells were separated into three pools, the E m was measured in the central pool, i.e. E m of the flank of the cells. This may be the reason for the stable E m in a medium of high K + (Shimmen 2001b) . A significant depolarizing response induced by osmosis had been reported in Nitella flexilis (Hayama et al. 1979, Shimmen and Nishikawa 1988) . When the osmolarity of either pool of the double chamber shown in Fig. 3 is increased, water moves through the cell from the region experiencing lower osmotic pressure to that experiencing higher osmotic pressure (transcellular osmosis (TCO), Tazawa and Nishizaki 1956 ). Membrane depolarization is induced only at the endosmotic (Fig. 3) or a ligated end (Fig. 6) (Hayama et al. 1979, Shimmen and Nishikawa 1988) . Is the depolarization observed in C. corallina the same as that reported in N. flexilis? To examine this possibility, TCO experiments were carried out using N. flexilis (Fig. 8) . In these experiments, both nodes were cut off, following ligation. Here, depolarization due to endosmosis (in the cell part located in pool B) was induced when sorbitol was added to pool A. The duration of depolarization in N. flexilis was much longer than that in C. corallina. Hayama et al. (1979) reported that a significant depolarization due to endosmosis occurred only in N. flexilis amongst a number of characean species (N. flexilis, C. corallina, C. australis (dioecious type of C. corallina), N. axilliformis). Whilst depolarization could be induced at the flank of an internode of N. flexilis, it was induced only at the nodal region in C. corallina. Thus, the response observed in C. corallina differs from that in N. flexilis. Although I tried to discover whether the depolarizing response at the nodal region occurs in N. flexilis, it was almost impossible due to a concomitant depolarizing response at the flank of the cell (data not shown). Zimmermann and Beckers (1978) used a pressure probe technique to analyze the membrane depolarization due to changed turgor pressure in C. corallina. Membrane depolarization was induced by either a decrease or an increase in turgor pressure, and was induced at both the nodal and flank regions of the internode. Thus, the depolarization reported in the present study differs from that reported by Zimmermann and Beckers (1978) .
The single layer of central node cells is intercalated between two internodes and these cells are connected by plasmodesmata (Spanswick and Costerton 1967 , Franceschi et al. 1994 , Ogata 2000 . Based on the present results and the morphology of the nodal region, the depolarization found in the present study is interpreted as follows (Fig. 9) .
In the experiment shown in Fig. 1 , the turgor pressure of internodes and the node cells was balanced before exposure to sorbitol (Fig. 9A) . If the cell part in pool B was exposed to a sorbitol solution, the turgor pressures in both node cells and cell b (internode) would be dramatically decreased (Fig. 9B) . Since the turgor pressure of the cell a would remain higher, the single layer of nodal cells would be displaced towards cell b, and stretched (Fig. 9B) . The situation would be the same for the experiments shown in Fig. 2 , since the turgor pressure of cell b should drastically decrease (Fig. 9C) .
Results obtained using single cells can be similarly interpreted. When the node region in pool B was exposed to a sorbitol solution (Fig. 3) , the turgor pressure of nodal cells decreases, since a larger surface area was exposed to the sorbitol solution. At the same time, the turgor pressure of the internode would remain high, since the most of the cell surface area was exposed to APW in pool A (Tazawa and Kamiya 1966) . Thus, the plasma membrane at the terminal end of cell a and that of node cells would be stretched (Fig. 9D ). When the cell (Fig. 1) is not stretched. (B) When sorbitol is added to pool B (Fig. 1) , the turgor pressure of both nodal cells and cell b (internode) decreases, resulting in stretching of the plasma membrane of the terminal end of cell a, and the nodal cells. (C) When sorbitol is added to pool C (Fig. 2) , the turgor pressure of cell b decreases. (D) When sorbitol is added to pool B (Fig. 3) , the turgor pressure of the nodal cell significantly decreases, but that of the internode decreases only slightly, resulting in stretching of the plasma membranes of the terminal end of the internode, and of the nodal cells. (E) When sorbitol is added to both pools (Fig. 3) , the decrease in turgor pressure of the nodal cells occurs sooner than in the internode, resulting in stretching of the plasma membranes of the terminal end of the internode, and of the nodal cells. (F) When sorbitol is added to pool A (Fig. 3) , the turgor pressure of the internode decreases. The hatched area shows the pool into which the sorbitol was added. An arrow shows the nodal complex. For further explanation, see the text.
by guest on April 30, 2016 http://pcp.oxfordjournals.org/ Downloaded from part in pool A was exposed to the sorbitol solution (Fig. 3) , the turgor pressure of the internode would be decreased, but that of nodal cells would remain high. The stretching force would still be applied to the plasma membrane, only it would be oppositely directed (Fig. 9F) . When the entire length of the internode was exposed to the sorbitol solution, the turgor pressure of nodal cells would decrease much faster than that of the internode, because of the larger surface area/volume ratio (Fig. 9E) . Thus, the plasma membrane at the terminal end of the internode and that of the node cells would be stretched (Fig. 8E) .
The resting membrane potential of Chara is composed of two components, a passive diffusion potential and a component due to the electrogenic proton pump (Kitasato 1968, Shimmen and Tazawa 1977) . Decrease in the electrical membrane resistance is believed to be caused by the activation of a passive diffusion component. The presence of stretch-activated ion channels has been reported in various plant materials (Cosgrove and Hedrich 1991 , Ding et al. 1993 , Ding and Pickard 1993a , Ding and Pickard 1993b , Falk et al. 1988 . I suggest that stretch-activated ion channel(s) are involved in the depolarization at the nodal region upon osmotic stimulation. It remains unknown whether the depolarization is generated at the plasma membranes of the internodal cell immediately adjacent to the node, or at the plasma membrane of the nodal cells themselves. Staves et al. (1992) reported that hydrostatic pressure applied to one end of a internode affected the velocity of cytoplasmic streaming in C. corallina. A positive hydrostatic pressure induced a more rapid streaming away from the applied pressure and a slower streaming toward the applied pressure. On the other hand, negative pressure induced more rapid streaming toward, and slower streaming away from, the applied pressure. When the internode was ligated near one node, the response of cytoplasmic streaming to the hydrostatic pressure was diminished, indicating that the nodal end is involved in pressure sensing. I have reported that a cell perceives a "death message" from the neighboring cell at the nodal end (Shimmen 2001a , Shimmen 2002 . Thus, the nodal complex plays a vital role in mechano-sensing.
It has been suggested that wound-induced hydraulic signals are the trigger for generation of variation potentials in higher plants (Malone and Stankovic 1991 , Malone 1992 , Stahlberg and Cosgrove 1995 . It seems that the mechanism for transducing a change in membrane tension into an electrical signal is widespread amongst plants. Characean cells are ideal material for studying the electrophysiology of such signal transduction.
Materials and Methods
C. corallina was cultured in an air-conditioned room (25°C) as described previously . Specimens consisting of two internodes were prepared by removing neighboring internodes and branchlets with scissors ( Fig. 1, 2) . In this case, two internodes were connected through a single layer of central nodal cells. Specimens were kept in APW containing 0.1 mM KCl, 1 mM NaCl and 0.1 mM CaCl 2 (pH about 5.6) for at least 2 d before use.
Specimens composed of a single internode were also prepared (see Fig. 3 ). The internode was ligated with polyester thread at a site close to one of the nodes and then the node was cut off. Internodes having a native node at one end and a ligation at the other were thus prepared.
N. flexilis, cultured outdoors, was also used. Internodes with both ends ligated were prepared. Specimens composed of a single cell were kept in APW for at least 2 d before use.
The electrical potentials of the cells were amplified with an amplifier (Microelectrode Amplifier MEZ7101, Nihon Kohden, Tokyo, Japan), and recorded using a pen-writing recorder (VP-6358A, National Panasonic, Tokyo, Japan).
Experiments were carried out at room temperature (23-27°C) under dim light (about 90 lux).
